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ABSTRACT: Solution-processed films of colloidal aliovalent niobium-doped anatase
TiO, nanocrystals exhibit modulation of optical transmittance in two spectral
regions—near-infrared (NIR) and visible light—as they undergo progressive and
reversible charging in an electrochemical cell. The Nb-TiO, nanocrystal film supports
a localized surface plasmon resonance in the NIR, which can be dynamically
modulated via capacitive charging. When the nanocrystals are charged by insertion of | .
lithium ions, inducing a well-known structural phase transition of the anatase lattice, |, = 2 Modulatio
strong modulation of visible transmittance is observed. Based on X-ray absorption |Near-/R Extinction
near-edge spectroscopy, the conduction electrons localize only upon lithium ion
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insertion, thus rationalizing the two modes of optical switching observed in a single material. These multimodal electrochromic
properties show promise for application in dynamic optical filters or smart windows.

Bl INTRODUCTION

Electrochromic materials, which change color, transparency,
and reflectivity upon the application of an external potential,
can have significant impact on energy consumption as films in
architectural smart windows." In particular, precise independent
spectral control over material transmittance in the visible and
near-infrared (NIR) regimes of the solar spectrum is necessary
to develop next-generation electrochromic smart windows for
improved energy efficiency in buildings. Amorphous transition-
metal oxides, especially WO;, have been the most studied
materials for electrochromic windows; they exhibit optical
modulation primarily in the visible range due to localized
excitations of reduced metal cations.” Some metal oxide
semiconductors, when synthesized instead as colloidal nano-
crystals (NCs), are capable of supporting tunable localized
surface plasmon resonance (LSPR) that interacts with NIR
light, forming the basis for spectrally complementary electro-
chromic modulation.?

We hypothesized that in doped transition-metal oxide NCs,
the visible-band optical modulation due to the traditional cation
intercalation process could coexist with the NIR LSPR
extinction. This NIR effect has been previously shown to be
tunable by synthetic doping® and can be modulated
postsynthetically by electrochemical charging in the case of
Sn-doped indium oxide (ITO)* and aluminum-doped zinc
oxide (AZO) NCs.> Thus, NCs of synthetically doped
transition-metal oxides should be capable of independent
modulation in two spectral bands (visible and NIR) within a
single-component functional film. Here, we demonstrate such
dual-mode modulation in anatase TiO, doped with niobium.
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Anatase TiO, is a well-known lithium insertion material that
has been studied as a battery electrode.®” "
improve the slow lithium diffusion kinetics and conductivity of

bulk anatase have yielded nanostructured TiO, electrodes that

Attempts to

demonstrate significant improvements in charge capacity and
charging rates.® " Surface charging has been hypothesized to
account for nearly as much charge capacity as the lithium
insertion reaction in TiO, once particle sizes approach 10 nm."
Along with nanostructuring, the electrochemical behavior of
TiO, electrodes has been improved by aliovalent doping with
niobium or tantalum to increase the inherently low conductivity
of TiO,.">~"? At diameters around 10 nm, degenerately doped
NCs can support LSPR, which can be tuned across the infrared
and visible spectrum by varying the NC size, shape,
composition and Fermi level, as seen in ITO, AZO, and
other semiconductor colloidal NCs.>*° Niobium-doped anatase
TiO, (Nb-TiO,) exhibits a broad mid-IR LSPR extinction peak
when synthesized as 10 nm diameter colloidal NCs, which can
be tuned in amplitude and energy by varying the amount of Nb
doping.”" Anatase TiO, is also known to be electrochromic;
intercalation of Li* produces a visible extinction feature at about
730 nm.”> This peak has been ascribed to localization of
injected electrons on Ti cations,” creating a polaronic lattice
distortion,>**® which is similar to the proposed mechanisms for
electrochromism in amorphous transition-metal oxides, such as
WO, and NbO,2.
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B EXPERIMENTAL SECTION

Nb-TiO, NCs were synthesized by a slightly modified literature
procedure.’’ Nb doping content in this study is expressed as the
percentage of Ti sites occupied by Nb in the anatase structure, as
measured by inductively coupled plasma-optical emission spectrosco-
py. The Nb:Ti ratio in the feedstock was found to be roughly equal to
the substitutionally doped NC cation ratio up to about 10% Nb
substitutional content. Excess Nb precursor was required to dope
beyond 10%, and it was difficult to achieve doping concentrations
above 20%.

Conductive mesoporous films of colloidal TiO, NCs were prepared
by spin-coating solutions of ligand-stripped NCs and annealing. The
oleic acid ligands bound to the surface of the colloidal NCs upon
synthesis were stripped in solution using nitrosonium tetrafluoroborate
(NOBE,), following literature procedures.”® The ligand-stripped
particles in a solution of acetonitrile and N,N-dimethylformamide
(4:1 by volume) were spin-cast on either ITO-coated glass or silicon
wafers. Uniform films of 100—200 nm were confirmed by profilometry.
The films were annealed under argon at 300 °C for 30 min to remove
residual organics.

For electrochemical testing, the NC-coated substrate was used as
the working electrode, and a single strip of lithium metal was used as
both the counter and reference electrode, under an argon atmosphere.
Transmission spectra were recorded in situ during cycling using a fiber-
coupled spectrometer. Strong absorption bands from the liquid
electrolyte limited the spectral window to 400—2200 nm for these in
situ experiments.

Ex situ X-ray diffraction (XRD) of electrochemically charged NC
films was performed at the Stanford Synchrotron Radiation Laboratory
(SSRL) at beamline 11-3. Diffraction patterns were obtained in
transmission and, for some data in the Supporting Information,
grazing-incidence. Substrates of p-type (boron-doped) silicon wafers
were used for transmission experiments. NC films were electrochemi-
cally charged as described above, then rinsed with dimethyl carbonate
to prevent deposition of salts from the electrolyte. The charged films
were sealed air-free in a Kapton pouch; single-crystal silicon peaks
were subtracted out using baseline patterns from an uncoated portion
of the sample substrate.

Ex situ X-ray absorption spectra were collected at the Advanced
Light Source (ALS) at beamline 10.3.2 by detection of X-ray
fluorescence. Films of electrochemically charged ligand-stripped NCs
were prepared as described above for synchrotron XRD. The charged
films were mounted on an aluminum sample holder and sealed with a
thin Mylar film.

Ex situ mid-IR extinction measurements of the charged NC films
were obtained using a Fourier transform infrared (FTIR) spectrom-
eter. Undoped silicon substrates were coated with 3 nm of chromium
followed by 10 nm of gold to provide a conductive but semi-
transparent substrate. Ligand-stripped NC films around 500 nm thick
were coated by spin coating, then charged and rinsed, as described
above. The charged films were assembled air-free into an O-ring sealed
cell with a CaF, window for measurement in transmission mode.

B DISCUSSION

The synthesized NCs are 11 nm cuboids for doping levels up to
about 10% Nb, above which they become slightly larger, more
polydisperse and anisotropic, consistent with previously
published results (Figure 1a,b).>" Spin-coated films are optically
clear and free of gross defects (Figure 1c).

We charged and discharged films of ligand-stripped NCs in
galvanostatic mode to test the impact of Nb doping on
electrochemical behavior. A lithium-based liquid electrolyte,
0.1 M bis(trifluoromethane)sulfonimide lithium (LiTFSI) in
tetraglyme, was used. The voltage profiles (Figure 2),
normalized by empirical discharge capacity at a rate of 1C for
each sample, demonstrate three distinct electrochemical
regions. A charging plateau is centered near 1.8 V vs Li/Li"

Figure 1. (a) Low-resolution TEM image of 2% Nb-doped TiO, NCs.
The scale bar is 20 nm. (b) Top-down SEM of a spin-coated film of
5% Nb-TiO, NCs. The scale bar is 20 nm. (c) Photograph of a 2 cm
square ITO-coated glass substrate coated by a 180 nm thick film of 5%
Nb-TiO, NCs.
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Figure 2. Galvanostatic charging profiles for films of Nb-TiO, NCs at
an approximate rate of 1C. The electrolyte was 0.1 M LiTESI in

tetraglyme.

with a 0.15 V overpotential difference between the charge and
discharge curves for the entire range of Nb doping (see Figure
S1 for expanded doping range). At potentials above and below
the plateau, there is significant charging approaching both
potential limits of the experiment. These observations are
consistent with previous studies of anatase TiO, NCs, which
attribute the charging plateau to a two-phase region where Li"
intercalates into the anatase crystal lattice, leading to a distorted
orthorhombic LigsTiO, phase.'**”~3°

TiO, + xLit + xe” = Li, TiO,; x < 0.5

The behavior at potentials above and below the constant-
voltage plateau is actively debated; capacitive charging is
commonly described as a dominant process, especially for
potentials below the plateau, and solid-solution intercalation of
lithium in anatase is found to account for stoichiometries up to
Li,,TiO, for potentials above 1.8 V. The relative contributions
of solid-solution intercalation and capacitive charging, partic-
ularly for potentials above 1.8 V, is actively studied for
nanocrystalline TiO,."%"'* The constant-voltage plateau for
Nb-TiO, NCs accounts for about half of the charge capacity of
our films, consistent with previous results for 10 nm (undoped)
anatase TiO, NCs.'* The consistency of the galvanostatic
curves across doping levels reveals that Nb doping only has a
minor effect on the electrochemical lithiation and delithiation
of anatase TiO, NC thin films.

The crystal structure of Nb-TiO, NCs was studied ex situ by
XRD to assess the impact of Nb incorporation on the
intercalation phase transition. The intercalation of lithium
into bulk anatase TiO, induces a phase transition to
orthorhombic Liy¢TiO,, observable by XRD.'*' Our NC
films were evaluated at three points in the discharge curve: 4 V
(fully oxidized), 1.8 V (reduced almost to the constant-voltage
plateau), and 1.5 V (fully reduced). Comparing our results to
reference patterns for anatase TiO, and LiysTiO,,*® we see that
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the NCs transition from tetragonal anatase to orthorhombic
LiysTiO, upon crossing the constant-voltage plateau (Figure
3). The phase change reverses under oxidation, but there is
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Figure 3. Transmission wide-angle XRD of electrochemically charged
(a) undoped and (b) 10% Nb-doped NC films. The as-deposited and
partially reduced 1.8 V patterns match the anatase structure (I4,/amd,
ICSD Coll. code 96946, red), and the fully reduced 1.5 V pattern
corresponds to the LiysTiO, phase (Imma, ICSD Coll. code 96948,
blue), reported for microscale anatase TiO,.”*

some evidence for phase mixing (i.e., early, partial conversion to
the anatase phase) at potentials below the 1.9 V phase
coexistence plateau (Figures S3 and S4). The reversible phase
behavior and general electrochemical characteristics of anatase
TiO, NCs are maintained over a wide range of Nb doping
levels (see additional XRD data, Figure S4). In all cases, two
distinct electrochemical charging processes occur: a crystalline
phase change accompanies faradaic lithium intercalation, and a
rapid charging process occurs within the anatase TiO, phase.
These two electrochemical processes can be anticipated to yield
distinct optical signatures.

Initially, Nb-TiO, NC films are highly transparent in the
visible region and exhibit a rising extinction feature in the NIR;
this NIR extinction is enhanced upon electrochemical reduction
or increased Nb doping. Indeed, undoped TiO, NCs, initially
transparent across the visible and NIR, begin to absorb in the
NIR as they are charged (Figure 4). The change in NIR optical
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Figure 4. In situ spectroelectrochemistry of (a) undoped and (b) 5%
Nb-doped TiO, NC films. Spectra are reported as AOptical Density
referenced to the as-deposited films and normalized by film thickness
to account for minor sample-to-sample differences. The electrolyte was
0.1 M LiTFSI in tetraglyme.

density with applied voltage varies with Nb doping level,
reaching a maximum modulation around 7% Nb (Figure S7).
At reducing potentials beyond the phase-change threshold, a
visible extinction peak arises around 730 nm, observable for all
levels of Nb doping. Previous studies have reported similar
visible-range electrochromism of TiO, NCs reduced in Li*-
containing electrolytes.””**** However, the spectral range in
those studies was limited, and no significant IR modulation was
observed.

The NIR transmittance modulation we observe in both
undoped and Nb-TiO, NCs (Figure 4) suggests that electrons
injected prior to the two-phase potential plateau populate
delocalized conduction band states rather than self-trapping and
localizing in polaronic states. The Fermi level of anatase lies
within the bandgap, and the conduction band is derived
primarily from Ti 3d orbitals.**** Electron accumulation, by
electrochemical charging, doping or other means, can either
populate these conduction band states, generate polaronic
states by self-trapping, or interact with Ti or O defects.*>™’
The literature is conflicted on which of these processes are
dominant.”® Recent computational studies have explained the
metallic conductivity of Nb-TiO, with a theory that describes
substitutional Nb defects as shallow electron donors,>>*® but
electrons accumulated by capacitive charging are still poorly
understood. Our results suggest that capacitive electron
accumulation, like Nb doping, enhances NIR LSPR extinction.
Earlier studies have reported blue shifts of NIR extinction peaks
and increased NIR extinction in doped metal oxide NCs under
electrochemical or chemical charging and have successfully
modeled these phenomena as changes to LSPR extinction upon
increasing free electron concentration.>’

On the other hand, the visible electrochromic effect in
orthorhombic LiysTiO, is theorized to be due to polaronic
reduced Ti** states,”** so we hypothesized that delocalized
and localized excess electrons may be present at different stages
of the charging process. Ex situ X-ray absorption near-edge
spectroscopy (XANES) was used to assess the influence of Nb
on polaronic charge trapping behavior of excess electrons in
TiO, both before and as a result of electrochemical cycling. The
pre-edge structure of the Ti K-edge is diagnostic of the effective
oxidation state and was examined for evidence of changes in the
oxidation state of Ti atoms upon doping or electrochemical

charging (Figures 5 and 6).
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Figure 5. XANES Ti pre-K edge spectra for uncharged films of varying
Nb doping content.

The effects of Nb doping on electron correlation in
uncharged anatase TiO, are an active area of debate. Several
studies have found evidence of electron correlation in Nb-TiO,
from XPS*~* and EPR measurements,*> leading to observed
Ti*" sites, but de Trizio et al.’s recent studies of colloidal Nb-
TiO, NCs found no evidence of electron correlation at room
temperature using XPS or EPR.*' The latter technique revealed
localization only below about 100 K. We obtained XANES
spectra of the Ti K-edge for a broad range of Nb doping
(Figure S). The Ti K-edge position, measured by the maximum
of the absorption first derivative, shows no discernible shift
upon any level of Nb doping (Figure SS). Thus, we can confirm
that Nb doping does not have a major impact on the formal
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Figure 6. Titanium XANES pre-K edge spectra upon ex situ charging,
of (a) undoped, (b) 2.5% Nb-doped, and (c) 19% Nb-doped TiO,
NCs.

valence of Ti in these Nb-TiO, NCs. Oxygen stoichiometry
may play a significant role in the conflict between these results
and earlier studies, because the processing conditions for Nb-
TiO, NCs used in this study, at atmospheric pressure and
relatively low temperatures (below 300 °C), deviate from many
earlier studies.”” Although doped Nb does not change the
formal valency of Ti, it does induce systematic changes in the
pre-edge features at high doping concentrations. Using the
lettering system common in the literature, A;, A;, A; for Ti 1s
to 3d transitions and B for Ti s to 4p transitions,**~*® we can
see that beyond 20% Nb, the A, peak notably increases in
relative intensity, along with shifts in the other peak energies
and amplitudes (Figure S). Similar effects have been attributed
to symmetry breaking in the anatase lattice due to defects or
strain, suggesting that high levels of doped Nb may affect the
local structure of anatase TiO,.*”** Nb doping has been shown
to expand the anatase lattice,">'® and Nb appears to surface
segregate in Nb-TiO, NCs at high doping concentrations,”" so
it is reasonable to expect strain associated with Nb defects to
distort the symmetry of local TiOg4 octahedra.

The phase change from anatase to LiyTiO, has been shown
to correlate to a reduction in the average charge state of Ti
cations in anatase.***® Indeed, our XANES data mirror the
phase behavior we observed by XRD: For potentials above the
intercalation threshold, the Ti K-edge remains at a higher
energy, as expected for Ti** in anatase TiO,* (Figure 6). After
the orthorhombic phase change the Ti K-edge energy decreases
by 2 + 0.3 €V. Both Wagemaker et al.* and Lafont et al.*
report an edge shift around 1.5 eV upon lithiation to Ti***
(LipsTiO,), for microscale and nanocrystalline anatase TiO,,
respectively. The edge shift we observe (Figure 6), suggests that

Ti cations in Nb-TiO, NCs are reduced to an average valence
of roughly Ti*** upon lithiation to the orthorhombic phase,
consistent with one-half Li* per formula unit. However, Ti
valency does not change upon charging at potentials above or
below the two-phase potential plateau, conflicting with previous
reports of a solid solution of Li and anatase TiO, in these
potential regions.'%”'**® Likewise, we find no evidence from
spectroelectrochemistry (Figure 4) to support the localization
of electrons at titanium bulk or surface sites at potentials above
the orthorhombic phase-transition threshold. Rather, the results
suggest that only LiysTiO, demonstrates charge localization
and that capacitive charging dominates above and below the
two-phase potential with the accumulated charge occupying
delocalized states where it enhances NIR LSPR extinction.
Lithium insertion—coupled to the orthorhombic phase
transition—drives charge localization, causing the appearance
of a polaronic, visible extinction peak. Considering all the
XANES results (Figures S and 6), we conclude that electrons in
Nb-TiO, NCs are delocalized, as are electrons added during
capacitive charging at potentials above and below the two-phase
potential. Only upon lithiation do electrons localize at Ti cation
sites.

Our XANES results indicate that capacitive charging
populates delocalized conduction band states and that lithium
insertion is required to induce localization. Thus, we predicted
no visible electrochromism would occur in the absence of a
small cation, such as Li*. Rather, we anticipate that only NIR
LSPR modulation should be possible if a bulky, nonintercalat-
ing cation, such as tetrabutylammonium (TBA®) is employed in
the electrolyte. To test this hypothesis, the electrochromic
response was measured by in situ spectroelectrochemistry using
a non-intercalating 0.1 M tetrabutylammonium-TFSI in
tetraglyme electrolyte. The same film measured with Li-TFSI
(Figure 4) was electrochemically cycled in the TBA* electro-
lyte, using a single silver wire as a counter and reference
electrode. The potentials reported in Figure 7 are referenced to
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Figure 7. In situ spectroelectrochemistry of 5% Nb-doped TiO, NC
film. The spectrum is reported as AOptical Density referenced to the
as-deposited film extinction and normalized by film thickness. The
electrolyte was 0.1 M TBA-TFSI in tetraglyme.

Li/Li*, based on a conversion from the Ag/Ag" reference used
in the experiment. The film darkens in the NIR (Figure 7),
however, charging in TBA" electrolyte does not induce a visible
extinction at any potential, consistent with earlier results for
undoped TiO,,”* and reducing potentials beyond the lithiation
threshold only increase the extent of NIR modulation. The
TBA" ion is too large to intercalate into the anatase lattice, so
we can confirm that capacitive electrochemical charging—

DOI: 10.1021/jacs.5b04933
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/jacs.5b04933
http://pubs.acs.org/action/showImage?doi=10.1021/jacs.5b04933&iName=master.img-006.jpg&w=152&h=303
http://pubs.acs.org/action/showImage?doi=10.1021/jacs.5b04933&iName=master.img-007.jpg&w=139&h=119

Journal of the American Chemical Society

whether in Li* or TBA* electrolyte—populates delocalized
conduction band states, giving rise to increased NIR extinction.

Furthermore, the continuous increase of a NIR extinction
with applied bias is qualitatively consistent with the electro-
chromic behavior previously observed in plasmonic metal oxide
NCs (ITO and AZO).*** The mid-IR electrochromic response
of Nb-TiO, NCs was measured ex situ to observe the full
optical response of the LSPR peak profile to capacitive charging
(Figure 8). The films were charged in a Li-ion-containing
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Figure 8. Transmission FTIR spectra of ex situ charged NC films.
Spectra were referenced to the oxidized (3.5 V) undoped TiO, film
and normalized by thickness. (a) Comparison of oxidized (3.5 V) and
capacitively charged (1.8 V) films for a range of Nb doping content.
(b) Comparison of the capacitively charged (1.8 V) films for various
doping levels.

electrolyte, but the potential was restricted to remain in the
capacitive charging regime, avoiding the orthorhombic phase
transition. Nb doping clearly increases MIR extinction of
uncharged TiO, NC films, leading to well-defined peaks that

are consistent with results ascribed to LSPR extinction in the
previous study of Nb-TiO, NCs>' (Figure 8a). Upon capacitive
reduction, MIR extinction increases for all Nb doping levels
(Figures 8a and S8), and the peak wavelength decreases with
increasing doping (Figure 8b).

Electrochromic effects in the visible and NIR bands occur by
independent electrochemical charging processes: lithium
intercalation leads to electron localization at Ti sites for the
former, while population of conduction band states during
capacitive charging leads to LSPR modulation for the latter.
The independence of these two electrochromic modes can be
exploited further by modulating electrochemical capacitive
charge of the lithium intercalated phase (~LiysTiO,). At
reducing potentials negative of the intercalation threshold,
lithiated TiO, NCs accumulate charge by capacitance as
demonstrated in the XANES and XRD results, leading to a
modulation in the near-IR extinction of the Li;sTiO, phase as
shown in Figure 9. The fully reduced film at 1.5 V shows a
maximum visible extinction and moderate NIR extinction, but
upon reoxidation to 1.8 V, the visible peak is retained, while
NIR extinction decreases significantly. This effect is consistent
with free electron depletion upon capacitive oxidation, leading
to a decrease in extinction of an LSPR peak. The independent
switching of visible and NIR electrochromic modes in a single
component inorganic material is unprecedented and holds the
tantalizing promise that rich, multifunctional optical control
devices can be achieved using simple processing strategies for a
single-component NC film.

B CONCLUSIONS

Two modes of electrochromism—plasmonic and polaronic—
coexist in one material, Nb-TiO, NCs. Capacitive charging of
TiO, NCs induces infrared extinction, which is tunable by
doping. In this state, the charge carriers remain delocalized.
This “cool” infrared-blocking mode is well established for
previous studies of plasmonic metal oxide NCs® but has not
been well explored in TiO,. In fact, even the delocalization of
electrons in doped TiO, (e.g,, Nb-TiO,) is actively debated, but
that theory is strongly supported by our Ti K-edge XANES
spectra. The electrons persist in delocalized states throughout
the capacitive charging process. Only upon insertion of Li" ions,
and transition to the orthorhombic LiyTiO, phase, do the
electrons localize, forming Ti** polaronic color centers with a
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Figure 9. In situ spectroelectrochemistry of 5% Nb-doped TiO, NC films showing four distinct electrochromic states with different transmittance of
visible (yellow arrow) and infrared (red arrow) light. Spectra are reported as AOptical Density referenced to the as-deposited film extinction and
normalized by film thickness. The electrolyte was 0.1 M LiTFSI in tetraglyme. The “cool” mode is accessed by reducing from the “bright” mode,

while the “warm” mode is accessed by oxidizing from the “dark” mode.
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characteristic visible extinction. The lithiated phase (“dark”
mode) blocks infrared and visible light, but infrared extinction
can be diminished by capacitive oxidation (a “warm” mode).
This kind of dual band modulation has long been a goal of
electrochromics research and was only recently demonstrated
by combining plasmonic metal oxide NCs with an amorphous
transition-metal oxide, forming a composite of two single band
electrochromic materials.*” Our study demonstrates how dual
mode electrochromic behavior can be achieved with a single-
component solution-processed inorganic film.

More broadly, our results shed light on the nature of charge
carriers in anatase TiO,. We have presented broad evidence
that plasmonic and polaronic excitation processes occur by
discrete charging pathways. The interaction between con-
ductivity, charging behavior, and structure has implications on
the performance of TiO, as an electrode material. Likewise,
photocatalytic and photovoltaic applications of TiO, are also
impacted by charge-transport efficacy and stability issues, which
can be mitigated by a careful understanding of surface and bulk
charge localization in TiO,.°"** The intersection of
independent light-matter interactions—LSPR extinction and
localized color centers—in colloidal TiO, NCs provides a novel
means to decouple different optoelectronic processes in this
important material.
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